This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. To compare the effects of increased FFAs and glucose levels on the PARP-NAD-SIRT1 pathway, which modulates insulin sensitivity, we cultured HepG2 hepatocytes with 300 or 500 µM oleic acid (OA) or 30 mM glucose for 1-4 days. PARP activity, NAD level, SIRT1 expression and insulin receptor phosphorylation were determined. Results: PARP activity was higher while NAD level and SIRT1 expression were lower in OA-treated cells than in control cells. Insulin receptor phosphorylation in response to insulin stimulation was attenuated under OA stimulation. Compared to glucose, OA produced a more rapid effect on the PARP-NAD-SIRT1 pathway in HepG2 cells. The reduction in SIRT1 expression and insulin receptor phosphorylation was similar in cells treated with 500 μM OA for 1 day and those treated with 30 mM glucose for 4 days. In addition to PARP activation, the LXRα activator T0901317 also affected SIRT1 expression. Conclusion: FFAs modulated cellular function through multiple ways, and induced more rapid and more potent cytotoxicity than glucose.
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Introduction
Excess caloric intake and nutrient availability lead to alterations in glucose and lipid metabolism and have been linked to the pathophysiology of type 2 diabetes [1] . Glucose and lipid metabolism are closely interrelated, and it is difficult to distinguish between the effects of glucotoxicity and lipotoxicity in vivo. Changes in the concentration of either glucose or lipid can induce different cellular reactions contributing to tissue dysfunction. In vitro cellular toxicity has been observed in the presence of glucose accumulation as well as fatty acid accumulation [2, 3] , but there has been no comparison between glucotoxicity and lipotoxicity. Such a comparison could improve our understanding of the extent of cellular damage under different metabolic conditions in vivo.
Our previous study elucidated a novel pathway involved in glucotoxicity: excessive glucose concentrations activated poly (ADP)-ribose polymerase (PARP), leading to the depletion of nicotinamide adenine dinucleotide (NAD) and inhibition of SIRT1 expression (the PARP-NAD-SIRT1 pathway) in the liver [4] . PARP, a DNA repair enzyme, is activated in response to localized DNA strand breaks and utilizes NAD to catalyze the poly(ADP-ribosyl) ation of acceptor proteins [5] . In diabetes, there are abnormalities of lipid metabolism in addition to an increase in free fatty acid (FFA) concentrations [6] . While it is clear that FFAs can also induce DNA damage [7] , the effect of FFAs on PARP activation has not been investigated.
SIRT1, an NAD + -dependent deacetylase, regulates many cellular pathways involved in glucose and lipid homeostasis, and has been suggested to modulate hepatic glucose metabolism by interacting with PGC1a [8] . In white adipocytes, SIRT1 promotes fat mobilization by repressing peroxisome proliferator-activated receptor gamma [9] . Recently, it was reported that SIRT1 is also involved in insulin pathway modulation by increasing insulin receptor phosphorylation [10] . Thus, SIRT1, as a common regulatory element in both lipid and glucose metabolic pathways, provides us with a target to compare the extent of cellular damage caused by glucose and lipids.
In this study, we compared the toxic effects of FFAs and glucose on the PARP-NAD-SIRT1 pathway in hepatocytes. In addition, we discuss the possible mechanisms underlying the FFA-mediated modulation of SIRT1 expression by comparing FFA toxicity with glucose toxicity. Our findings extend our understanding of the specific roles of glucotoxicity and lipotoxicity in the pathophysiology of diabetes.
Materials and Methods

Cell culture
Human hepatoma HepG2 cells were obtained from the Concord Cell Center (Peking Union Medical College, Beijing, China). The cells were cultured in Eagle minimum essential medium (MEM; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (PAA Laboratories, Pasching, Austria) and 5.5 mM glucose (control) or 30 mM glucose (high glucose concentration). The cell culture conditions were a humidified atmosphere with 5% CO 2 and a temperature of 37°C. For FFA treatment, cells were cultured in MEM containing 5.5 mM glucose and stimulated with 300 µM or 500 µM oleic acid (OA; Sigma-Aldrich, St. Louis, MO), which was dissolved in 11% bovine serum albumin (BSA; stock solution 10 mM). Control cells were stimulated with BSA alone. T0901317 (Sigma-Aldrich) was dissolved with dimethyl sulfoxide (DMSO; stock solution 10 mM) and used to determine SIRT1 expression. HepG2 cells were treated with 5 μM T0901317 for 1 day; control cells were treated with DMSO alone.
Western blot
Samples were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to a polyvinylidene fluoride membrane and blocked with 5% milk in Tris-buffered saline with Tween. The samples were then incubated overnight at 4°C with the following antibodies: anti-SIRT1 (Upstate, Temecula, CA), anti-LXRα (Abcam, Hong Kong), anti-poly(ADP-ribose) (PAR; Trevigen, Gaithersburg, MD), anti-PARP1, anti-phospho-AMPKα (Thr172), anti-AMPKα, anti-insulin receptor β (InsR β) and anti-phospho-InsR β (p-Tyr1150/1151-InsR) (Cell Signaling Technology, Danvers, MA). Bound antibodies were detected with horseradish peroxidase (HRP)-linked secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) and visualized using enhanced chemiluminescence. To determine if insulin receptors were phosphorylated, we stimulated cells with 100 nM insulin for 20 min before lysis.
Quantitative real-time polymerase chain reaction Total RNA was extracted from HepG2 cells using Trizol (Invitrogen), and cDNA was synthesized from 2 μg total RNA using M-MuLV reverse transcriptase (New England Biolabs, Beverly, MA). Real-time polymerase chain reaction (PCR) was performed in a Lightcycler (Bio-Rad, Hercules, CA) using the SYBR Green Master Mix Kit. PCR primers were constructed for SIRT1 and LXRα based on published nucleotide sequences of human gene regions. The following primers were used: human LXRα, forward 5'-GCC GAG TTT GCC TTG CTC A-3' and reverse 5'-TCC GGA GGC TCA CCA GTT TC-3'; human SIRT1, forward 5'-GCG ATT GGG TAC CGA GAT AAC-3' and reverse 5'-GGC CTT GGA GTC CAG TCA CTA-3'. The reaction specificity was checked by analysis of PCR products in an agarose gel and by analysis of dissociation curves. To assess the amplification efficiency of different pairs of primers, a two-fold serial dilutions of control cDNA were amplified by real-time PCR using primers for LXRα, SIRT1 and HPRT. The 2
-ΔΔC
T method was used to analyze the relative changes in gene expression. HPRT served as an internal control, and the expression of the transcripts was quantified as a ratio of HPRT expression.
NAD examination
Intracellular NAD content was measured using the NAD + /NADH quantification kit (Bioassay systems, Hayward, CA), according to the manufacturer's instructions.
Cell viability
Water-soluble tetrazolium salt-1 (Beyotime), which is an alternative to MTT, was added to 96-well plate; subsequently, the plate was incubated for 2 h at 37°C. Cell viability was measured at 450 nm, using a microplate reader (Spectramax 190, Molecular Devices).
Statistical analysis
Data were expressed as mean and standard deviation. The distribution of vari ables was analyzed with the data histograms, and a normal distribution was tested using the Kolmogorov-Smirnov test. Comparisons between two mean values were made using the independent-samples t-test. For multiple comparisons among different groups of data, significant differences were determined using one-way analysis of variance and the SPSS software for Windows 11.0. Differences between values were considered significant at P < 0.05.
Results
Effects of OA and glucose on PARP activity and intracellular NAD content
We determined the total poly(ADP-ribosyl)ated protein content by western blotting and presented the results as PARP activity. The PARP activity in cells incubated with 500 μM OA cells for 1 day was approximately 2.2-fold of the activity in control cells. A similar result was obtained when the cells were incubated with 30 mM glucose for 2 days (1.9-fold increase compared to the control cells; Fig. 1A) .
PARP activation catalyzed acceptor proteins by using NAD, which is an important metabolite in the modulation of cellular metabolism; therefore, we examined the intracellular NAD content of HepG2 cells treated with OA and glucose. Cells treated with 500 μM OA for 1 day exhibited a 25% decrease in cellular NAD level, which was similar to the decrease observed in cells treated with 30 mM glucose for 2 days (24% decrease; Fig. 1B) . Effects of OA and glucose on SIRT1 expression and insulin sensitivity SIRT1 expression in cells treated with 300 μM or 500 μM OA for 1 day was significantly lower (35% and 42% decrease, respectively) than the expression in BSA-treated cells (controls; Fig. 2A ). The expression of SIRT1 decreased by 11% and 40% in cells treated with 30 mM glucose for 2 and 4 days, respectively, compared with the expression levels in cells treated with 5.5 mM glucose ( Fig. 2A) . In addition to SIRT1 expression, AMPK activity is affected by the increased PARP activity in cells showing glucose toxicity [4] . The actions of SIRT1 and AMPK are always interlinked in cellular metabolism. Therefore, we evaluated AMPK expression and activity in our experimental models. Cells treated with 500 μM OA for 1 day exhibited a slight decrease in AMPK activity (20% decrease compared to the controls; Fig. 2B ). In contrast, cells treated with 30 mM glucose for 2 days showed a 22% decrease in AMPK phosphorylation compared to that in the control group (Fig. 2B) .
To determine whether fatty acids or glucose affected the insulin-signaling pathway and contributed to insulin sensitivity, we compared the levels of phosphorylated insulin receptor in insulin-stimulated cells treated with different concentrations of OA or 30 mM glucose. In cells treated with 500 μM OA for 1 day, the phosphorylation of insulin receptor in response to insulin stimulation was reduced by approximately 52%, compared to the control group (Fig.  2C) . Treatment with 30 mM glucose for 4 days reduced insulin receptor phosphorylation by approximately 58%, compared to the level in the control group (Fig. 2C) . Thus, in HepG2 cells, the reduction of SIRT1 expression and insulin receptor phosphorylation induced by OA occurred earlier than that induced by glucose.
Effects of the combination of OA and glucose on PARP and SIRT1 expression
High glucose concentrations and FFAs always coexist in insulin-resistant states; we therefore examined the effect of the combination of OA and glucose on the expression of PARP and SIRT1. PARP expression did not change after treatment with 30 mM glucose and 500 μM OA for 1 day. However, PARP activity was higher in cells treated with this glucose and Cellular Physiology and Biochemistry
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OA combination than in cells treated with either OA or glucose alone (P < 0.05; Fig. 3 ). In contrast, SIRT1 expression was significantly lower in cells treated with both OA and glucose than in cells treated with either one of these compounds (P < 0.05; Fig. 3 ).
Effects of T0901317 on the modulation of SIRT1 expression
To explore the pathways involved in the repression of SIRT1 expression by OA, we examined the expression of the nuclear receptor LXRα, which is a target of fatty acids in cells. The LXRα protein was markedly upregulated in cells stimulated with 300 μM or 500 μM OA for 1 day (Fig. 4A) . To determine whether OA affected SIRT1 expression through LXRα, we used the LXRα activator T0901317 to stimulate HepG2 cells and then examined the expression of SIRT1. Cells treated with 5 μM T0901317 for 1 day showed significantly increased expression of LXRα and decreased levels of SIRT1 protein (Fig. 4B and C) . However, T0901317 had no effect on SIRT1 mRNA level (Fig. 4D) .
Effects of OA and glucose on cell viability
Both glucotoxicity and lipotoxicity have been reported to affect cell survival; therefore, we analyzed the effect of OA and glucose on cell viability. Compared to the control cells, 3 . Effects of the combination of oleic acid (OA) and glucose on poly (ADP)-ribose polymerase (PARP) and SIRT1 expression. HepG2 cells were stimulated using 500 µM OA with 5.5 mM glucose or 30 mM glucose for 1 day. PARP expression, PARP activity (PAR) and SIRT1 expression were detected by western blotting. The combination of OA and 30 mM glucose significantly increased PARP activity and decreased SIRT1 expression. BSA, bovine serum albumin. Actin was used as control to confirm equal loading of proteins. Bars represent the mean ± SD (n = 3). *P<0.05 versus BSA with 5.5mM glucose. Pang 
Discussion
Insulin resistance in type 2 diabetes results from a combination of hyperglycemia and elevated FFA concentration [11, 12] ; however, the precise intracellular mechanisms remain to be elucidated. Our previous study demonstrated that PARP activation decreased insulin sensitivity through NAD depletion and SIRT1 inhibition, which provided a new mechanism of glucotoxicity in the liver [4] . Herein, we proved that the PARP-NAD-SIRT1 pathway is also involved in lipotoxicity in hepatocytes. The results of this study showed that PARP was activated in response to OA stimulation, and this was accompanied by NAD depletion and decreased SIRT1 expression in HepG2 cells.
Thus, both glucotoxicity and lipotoxicity can decrease SIRT1 expression by depleting the intracellular NAD pools due to extensive use of NAD as a substrate for PARP activation in hepatocytes. Therefore, we compared the effects of OA and glucose on intracellular SIRT1 expression, PARP activity and NAD levels. The results showed that the extent of PARP activation and NAD reduction in cells treated with 500 μM OA for 1 day was similar to that in cells cultured with 30 mM glucose for 2 days, while the extent of reduction in SIRT1 expression was similar in cells treated with 500 μM OA for 1 day and cells cultured with 30 mM glucose for 4 days. We also compared the effect of glucose and OA on insulin sensitivity. The reduction of insulin receptor phosphorylation in cells treated with 500 µM OA for 1 day was equal to that in cells incubated with 30 mM glucose for 4 days. All the data demonstrated that the cellular dysfunction induced by OA occurred earlier than that induced by glucose. This conclusion was consistent with an in vivo experiment which showed that rapid (<2 h) lipid infusion decreases myocellular glucose utilization in rats [13] , suggesting that lipid stimulation for a very short time could change cellular function. Different environmental stimuli induce different reactions in live cells. Our data demonstrated that for identical treatment times, cells reacted more strongly to treatment with high FFA levels than to treatment with high glucose concentrations. This suggested that lipotoxicity may be more rapid and more potent than glucotoxicity in the liver. Moreover, we found that the combination of OA and glucose exacerbated the cellular injury.
We next investigated the possible mechanisms underlying SIRT1 modulation by OA in hepatocytes. Since SIRT1 is an NAD-dependent enzyme, changes in intracellular NAD content could affect SIRT1 activity. Treatment with 500 µM OA for 1 day produced a 25% reduction in NAD levels, which was not enough to explain the 42% decrease observed in SIRT1 expression. Therefore, other mechanisms of SIRT1 modulation may be responsible for the effects induced by OA stimulation. Many studies have focused on the role of nuclear receptors in the modulation of lipid metabolism [14] . LXRα, a nuclear receptor, plays an important role in lipid homeostasis and is induced by OA in primary hepatocytes [15] . Similar results were obtained in our study: OA increased LXRα expression in HepG2 cells. We found that the LXRα activator T0901317 decreased SIRT1 protein expression in HepG2 cells. This suggested that FFAs modulate SIRT1 expression in hepatocytes through multiple ways. 
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However, T0901317 did not affect the SIRT1 mRNA level, suggesting that the modulation of SIRT1 expression by T0901317 is regulated via a post-transcriptional mechanism. The precise mechanism, however, needs to be investigated further.
There are many types of FFAs in the body. The concentrations of C16:0 (palmitic acid), C18:0 (stearic acid) and C18:1n-9 (OA) are higher in patients with type 2 diabetes than in healthy controls [6, 16] . However, different types of FFAs play differing roles in the progression of diabetes. OA is more steatogenic but less apoptotic than palmitic acid in hepatocyte cultures [17] . We primarily discussed the alteration of cellular function in response to different nutritional environments other than those causing cell death. Therefore, we selected OA to test the effects of high concentrations of FFAs on HepG2 cells. We found that both OA and high glucose concentrations had little effect on the viability of HepG2 cells.
The concentration of OA in our study was lower than that observed in type 2 diabetes mellitus (C18:1, 2-3 mM) [16] ; in contrast, the concentration of glucose in our study was much higher than that observed in type 2 diabetes (fasting plasma glucose > 7 mM). Although the OA concentration used in this study was lower than the in vivo concentration seen in diabetic patients, it induced a stronger effect than that induced by the glucose concentration, which was higher than the in vivo concentration seen in diabetes. This indirectly proves that lipotoxicity is more potent than glucotoxicity in hepatocytes.
In the present study, we assessed the alterations in PARP activity, SIRT1 expression and insulin receptor phosphorylation induced by OA, and compared these effects with those of high glucose concentrations in hepatocytes. Our results showed that for the same treatment duration, OA induced a greater degree of cellular dysfunction than high glucose concentrations in HepG2 cells. Since SIRT1 plays key roles in intracellular metabolism, we next studied the modulation of SIRT1 expression in order to elucidate the pathophysiological processes underlying type 2 diabetes. We found that both PARP and LXRα were activated by OA and affected SIRT1 expression in hepatocytes. The above results show that lipids modulate cellular function through multiple ways, resulting in a more rapid and more potent toxic effect than that induced by glucose in the liver. Relative quantitative comparison between lipotoxicity and glucotoxicity may improve our understanding of the pathophysiological processes of diabetes and provide targets for medical treatment.
